Maximum Likelihood (MLH) supervised classification of atmospherically corrected Landsat 8 imagery was applied successfully for delineating main geologic units with a good accuracy (about 90%) according to reliable ground truth areas, which reflected the ability of remote sensing data in mapping poorly-accessed and remote regions such as playa (Sabkha) environs, subdued topography and sand dunes. Ground gamma-ray spectrometric survey was to delineate radioactive anomalies within Quaternary sediments at Wadi Diit. The mean absorbed dose rate (D), annual effective dose equivalent (AEDE) and external hazard index (Hex) were found to be within the average worldwide ranges. Therefore, Wadi Diit environment is said to be radiological hazard safe except at the black-sand lens whose absorbed dose rate of 100.77 nGy/h exceeds the world average. So, the inhabitants will receive a relatively high radioactive dose generated mainly by monazite and zircon minerals from black-sand lens.
Introduction
The environmental radioactivity monitoring programs started in late 1950's of the 20 th century following the global fallout from testing of nuclear weapons in the atmosphere, becoming a cause of concern regarding health effects. Later, the necessity of world industrialization for new energy sources led to develop national plans on electricity production from nuclear technology, initializing in this context worldwide exploration for fuel minerals: uranium exploration gained a particular attention in late 1940's in USA, Canada and former USSR and in 1951 in Australia with respective national plans [1] . The principal sources of environmental radioactivity of monitoring interest are due to the presence of 238 U, 232 Th and 40 K in the Earth's crust. Generally, other major and trace elements like 235 U and 87 Rb are negligible for radioactivity monitoring purposes. The world average abundances of the continental upper crust for 238 U, 232 Th and 40 K are respectively 2.7 ppm, 10.5 ppm and 2.3% [2] . Many countries have already monitored the distribution of natural radioactivity, finalized with the construction of the radiometric maps of their territories (USA, Canada, Australia, Switzerland, Slovakia, Slovenia, Czech Republic, UK, etc.). Gamma-rays are the most penetrating radiation from natural and man-made sources. It is a powerful tool for the monitoring and assessment of the radiation environment. It is widely used in geological mapping, soil surveying, mineral exploration and regolith studies. The use of the method as a mapping tool requires an understanding of the geochemistry of the radio elements in rocks and soils and the processes that effect their distribution and mobility [1] .
Airborne and spaceborne remote sensing techniques are of great interest especially in poor accessible remote regions such as playa (Sabkha) environs, subdued topography and sand dunes [3] - [7] .
Multispectral data like Landsat 7 Enhanced Thematic Mapper Plus (ETM+) and Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) were successfully used for mapping landcover types in playa regions [3] [8] [9] .
The modern Landsat 8 (L8) sensor provides multispectral imagery data of higher spectral (11 bands) and radiometric (16-bit) resolutions than the commonly used Landsat 5 and 7. The main objective of the present work is using remote sensing technique (Landsat 8 data processing) integrated with detailed field geology and ground gamma-ray spectrometric survey for geologic mapping and detecting radioactive anomalies as well as dose-rate assessment of alluvial fan Quaternary sediments in a poor-accessible desert area (Wadi Diit) along the Red Sea coast in the southeastern part of Egypt.
Geomorphologic Setting
Wadi Diit alluvial fan sediments is located at the southern part of Shlatin town by about 70 km along the Red Sea coastal plain. It drains a vast area from the central part of the Sudanese Eastern Desert. It is located in the southeastern part of Egypt, between latitudes 22˚23'00"N -22˚39'00"N and longitudes 36˚4'00"E -36˚15'00"E (Figure 1) . The studied area is generally characterized by an arid climate. It has a gentle topography, thick cultivation and is divided by a dendritic seasonal drainage network. It has a triangular shape with its apex at about 40 km from the Red Sea shoreline forming an alluvial fan. This fan is considered as one of the most obvious geomorphic landform along the foot-slopes of the Red Sea mountains.
Remote Sensing Data Analysis and Results

Landsat 8 Imagery
Landsat Data Continuity Mission (LDCM) was launched atop an Atlas V rocket on February 11, 2013, and then named Landsat 8 (L8) after on-orbit initialization and verification by May 30, 2013 . L8 has two eyes (instruments); Operational Land Imager (OLI) and Thermal Infrared Sensor (TIRS) [10] ( Table 1) . The OLI has a nine band push-broom sensor (eight bands at 30 m and one panchromatic band at 15 m), with a four mirror telescope, higher signal-to-noise performance than older Landsat generations, radiometric resolution of 12-bit up to 16-bit (instead of 8-bit in the former Landsat 5 & 7) and a swath width of 185 km. TIRS collects data in two long wavelength thermal infrared bands of 100 m spatial resolution. TIRS data is registered to the OLI data to create radiometrically and geometrically calibrated, terrain-corrected Level 1 data products, raising their radiometric resolution to 16-bit [11] - [13] .
Landsat 8 L1T (terrain corrected) scene (Table 2) , nearly cloud free, covering the study area, was obtained from USGS EarthExplorer site (http://earthexplorer.usgs.gov/). Processing methods carried out using ENVI (Environment for visualizing images) V. 5.1 and layout by ArcGIS V. 10.2. (Figure 2) . The Minimum Noise Fraction (MNF) transform [14] was used to determine the inherent dimensionality of image data, segregate and equalize the noise in data (increasing signal-to-noise [S/N] ratio), and diminish the computational requirements for subsequent processing [15] . In the current study, forward MNF transformation was applied on the Landsat 8 OLI bands (cirrus band was excluded) and the eigenvalues of the seven output MNF eigenimages are displayed on ( Table 3 ). The first three eigenimages provide more than 97% of eigenvalues and/or spectral information, while the rest eigenimages provide just 3%. Eigenimages with values near unity are normally noise-dominated [16] . In the current study, the eigenimages that possess eigenvalue less than two (MNF7) were excluded during inverse MNF transformation, giving seven reflectance bands with higher S/N ratio (Figure 3) . 
Data Classification and Mapping
Although multi-spectral images (like L8 imagery) could be treated as one multi-variable dataset and so unsupervised statistical classification algorithms (like isocluster analysis) could be applied to produce classification maps, but in many cases this cannot disregard the visual interpretation and field observations [17] . So, the first step for applying any supervised classification method is to determine the endmembers of the different landcover types. 2D-scatter plot of noncorrelated reflectance bands (bands 7 and 5) ( Figure 6 ) along with the aid of training field sites, regions of interest (ROIs), over the different landcover types identified through the geologic field work were used; the used ROIs and their average spectrum of each are represented on Figure 7 (a) and Figure 7 
(b).
The reference endmembers show an overall similarity in their spectral curves with a general convergence and low absorption troughs at coastal blue and blue bands. On the other hand, there is a gradual increase in both surface reflectances and radiometric separations towards longer wavelengths especially at SWIR bands (6 and 7). Costal-Eolian Sabkha endmember implies a general decrease in its reflectance values allover bands compared with other endmembers, which may be originated from its water content (moisture or sea water), which absorbs most of the reflected wavelengths.
Maximum likelihood classification is a commonly used supervised classification method. It is based on Bayes' theorem that assumes a normal distribution for all clusters and calculates the probability that a given pixel belongs to a specific class [17] . The method was used successfully in classifying lithologic units of the study area after masking clouds and their shades at the western fringes, according to the selected ROIs, giving a supervised classification image (Figure 8 ). ENVI's post classification algorithm, Majority/Minority analysis, was then used to change spurious pixels within a large single class to that class. A confusion (contingency) matrix was carried out to assess the accuracy of classification results, using ground truth information collected through field check, an overall accuracy of 89.51% and kappa coefficient of 0.86 were resulted ( Table 4 ).
Geologic Setting
The integrated data between Landsat 8 and detailed field investigation were used to identify the exposed rock types at Wadi Diit area ( Figure 9 ). They show that the exposed rock units in the alluvial fan of the study area are mostly composed of Quaternary sediments, which comprise unconsolidated wadi sediments, costal-eolian sabkhas, sandy conglomerates, sandy dunes and sheets, mud cracks and black-sand lens.
Wadi sediments are mostly comprised sands and gravels, which are broadly categorized as undifferentiated wadi alluvium on the map sheet. They include outwash sediments, channel fill, terraced piedmont sands and gravels of angular, subangular, subrounded to rounded fragments of serpentinite, metagabbros, metavolcanics, Hamammat sediments, older and younger granites, felsite and quartz.
Sabkha is the Arabic term adopted by geologists for low-lying salt flats subject to periodic inundation. An irregular, buffy crust of loosely cemented salts, fine sediment is common on dry sabkha and macroscopic marine organism remnants (Figure 10 (a) and Figure 10(b) ). Expansion due to the crystallization of salts may create raised polygonal patterns, whereas shrinkage due to desiccation may create polygonal "mud cracks". Sabkha plain and salt encrustations are formed due to the invasion of sea water during high tides. In the studied area the sabkha may extend more than 40 km along the Red Sea shoreline and 4 to 5 km width inland. The coastal sabkha is extremely flat above the level of normal high tides. Wadi Diit sabkha plain is costal-eolian dominated which distinguished by a mixture of sediments comprising salts, carbonate-sulfate and mud (Figure 10(a) and Figure 10(b) ).
Sandy conglomerates are composed mainly of basement fragments of different size range between 30 and 60 cm, of angular, subangular, subrounded to rounded shapes embedded in yellowish friable sands.
The major sand dunes and sheets belt are found in the eastern part of the studied area. Their formation is controlled by a combination of wind strength and direction, as well as sediment supply. They were transported to Red Sea via Wadi Diit (Figure 9 ) and formed its delta fan promontory, followed by parallel waves of this promontory that pushed sands onto the beach. Prevailing onshore wind blowed sands inland, where they were accumulated as sand dunes, sheets and barchans (Figure 10(c) and Figure 10(d) ). Sand dunes comprise small linear dunes, also called longitudinal or seif dunes, that are oriented parallel to the prevailing wind direction. Their mode of formation is not well understood and various explanations were proposed, including, inter alia, consistent high wind velocities, bi-directional wind regime and helical air flow along the troughs between dunes. They have NNE-SSW trends. The elevation of these sand dunes ranges between 0.5 and 12 m. The prevailing wind direction in the studied area is mainly from the NNE to SSW. However, field observations indicate that sand movement in the study area is from NNE-SSW direction i.e., from the coastal plain of Wadi Diit fan (40 km from Red Sea shoreline) to basement rocks inland, where sand overrides hill slopes. Sand dunes in the southern part of the study area overlie basement rocks forming barchan.
Mud cracks formation is a natural process in clayey soils upon drying (Figure 10(e) ). As drying declines downwards through the sediments, mud cracks have generally been theorized to nucleate near the surface, propagate downward and terminate at depth [20] . Clay content, mineralogy and physical boundary conditions govern the characteristics of a crack network that forms and evolves with decreasing water content [21] . The cracks create weakness zones in a soil mass causing reduction in the overall mechanical strength and increase in the compressibility [22] . Formation of cracks is also one of the important factors effecting hydraulic conductivity of soils. An increase in hydraulic conductivity results in an increase in the rate of transportation of pollutants in the soil.
Crack formation is a natural process observed in clayey soils as a result of decrease in water content. Among the factors effecting crack formation, grain size, temperature, initial water content, thickness and surface characteristics of base material on Ankara Clay [23] as the following results: 1) As the thickness or grain size of the samples increased, the surface area of cracks decreased. 2) As the water content and temperature decreased, the surface area of cracks decreased. 3) As the friction between clay and base material decreased, the surface area of cracks increased.
The black-sand beach deposits are known as a source of strategic and economic heavy minerals that are considered as raw materials for nuclear industry. Besides, they are considered of thorough importance in many of the metallurgical and engineering industries. The black-sand lens in the present study along the shoreline extends for about 1.5 km along the Red Sea coast, with a width varies that from 3 to 20 m and a thickness which changes from 0.4 to 1.0 m (Figure 10(f) ).
Ground Gamma-Ray Spectrometric Survey
Instrumentation
Radiometric survey for the studied area was carried out using a high-sensitive and well calibrated RS-230 portable gamma-ray spectrometer with Bismuth Germinate Oxide (BGO) detector. This device is manufactured by Radiation Solutions Inc, Ontario, Canada. It is designed to detect gamma-rays, especially for the determination of the contents of potassium (K) in %, eU in ppm and eTh in ppm, as well as, the total-count (TC) gamma-ray, Ur. The reference radioactive source that was set up with the sensor of the RS-230 is 137 Cs [24] .
Data Acquisition and Survey Design
The data were collected using a grid pattern, and conducted along E-W equally-spaced profiles. The spacing between survey lines was set at 1.0 km, while the interval between stations was 0.5 km. The measuring time was set by the instrument to be 300 seconds at each station. The station locations were controlled through the use of global positioning systems (GPS) device that has an approximate error in determining the longitude and latitude of less than 5%. After removing noisy observations, the data were dumped into a personal computer as a text file for additional processing.
Environmental Monitoring
The natural radiation is the major source of radiation exposure to man and consists of both internal and external sources. The most significant internal sources are radioactive elements 40 K and 222 Rn, which are taken into the body. The external sources are cosmic rays and naturally occurring radioactive isotopes of the 40 K, as well as the 238 U and 232 Th decay series. The decay series, some or all of which can be found in the ground, the construction materials and the air. Both internal and external radiation levels vary as functions of the geological materials, type of dwelling and elevation above sea level [25] .
An essential part of the present study deals fundamentally with the establishment of the environmental radiation exposure rate (i.e., the natural "terrestrial" gamma radiation) in the study area. This will provide basic information that can be used as a reference to detect the amount of any possible future variation in the natural radioactivity levels in the area that might affect both the terrestrial and atmospheric environments. In addition, the equivalent radiation dose rate was calculated from the radiation exposure rate and established for the study area. This can reveal the degree of hazard on the human being as well as the different effects on and in biological tissues.
Values of eU and eTh in ppm, as well as K, in %, were converted to activity concentration, Bq/kg, using the conversion factors given by Polish Central Laboratory for Radiological Protection [26] . The specific parent activity of a sample containing 1 ppm, by weight, of 238 U is 12. K in Bq/kg, respectively. This equation for calculating the absorbed dose rate in air at a height of 1.0 m above the ground surface from measured radionuclides concentrations in environmental materials derived [29] .
The annual effective dose equivalent (AEDE) can be estimated considering the conversion coefficients from absorbed dose rate in air to effective dose received by an adult as 0.7 Sv/Gy [27] taken for environmental exposure to gamma rays of moderate energy. The outdoor occupancy factor is taken equal to 0.2 [27] [28] . The potential annual effective dose equivalent in outdoor ambient is given by the following equation [30] :
To limit the annual external γ-ray dose [27] 
Results and Discussion
The observed patterns of gamma-ray spectrometry are reflections of their radioactive property of normal constituents in rocks. The measured radio spectrometric data were treated statistically to determine the distribution characteristics of the three radioelements; K in %, eU in ppm, eTh in ppm and their activities in different Quaternary sediments in the study area ( Table 5 and Figure 12 ). Contour maps also enable to define the mean absorbed dose rate (D), annual dose effective equivalent (AEDE) and external hazard index (H ex ) (Figures 13-15) , respectively. The comparison of K, U and Th specific activities registered by the present study and worldwide mean values Table 5 and Figure 12(a) show that wadi sediments, coastal-eolian sabkhas, sandy conglomerates, sand dunes and sheets and mud cracks have lower contents than permissible Worldwide. Meanwhile, the black-sand lens has higher eU and eTh specific activities than permissible Worldwide related to monazite and zircon [33] but it has low K contents.
The results of the statistical treatment, as illustrated in Table 5 , reveal that, the values of mean absorbed dose rate, annual dose effective equivalent and external hazard index for the wadi sediments, costal-eolian sabkhas, sandy conglomerates, sand dunes and sheets and mud cracks remain in safe side and within maximum permissible safe radiation dose rate, without harm to the individual (Figure 12(b) ). Meanwhile, the absorbed dose rate of the black-sand lens attains 100.77 nGy/h, which exceeds the world average value of 54 nGy/h [27] related to the enriched radioactive mineralization monazite and zircon [33] and remains under the world average value for the annual dose effective equivalent and the external hazard index (Figure 12(b) ). So, the inhabitants will receive a relatively high radioactive dose related to monazite and zircon.
Gamma Absorbed Dose Rate (nGy/h)
The air absorbed dose rate (nGy/h) is calculated for different Quaternary sediments of Wadi Diit ( Table 5 ) and is also presented on a contour map (Figure 13) . It can be seen from the table that the black-sand lens are considered the highest dose rate mean value 100.77 nGy/h. Meanwhile, the lowest dose rate mean value 22.71 nGy/h associated with costal-eolian sabkhas. Except for the case of black-sand, the mean air absorbed dose rate was calculated to be lower than the [27] value i.e. 54 nGy/h.
Annual Effective Dose Equivalent (μSv/y)
The annual effective dose equivalent (AEDE) received outdoor by a member is calculated from the absorbed dose rate through the application of dose conversion factor of 0.7 Sv/Gy and the occupancy factor for outdoor of 0.2. The results were presented on a shaded relief contour map (Figure 14) , which shows that AEDE value oscillates between 17.51 μSv/y and 158.7 μSv/y. According to [34] , the world average annual effective dose equivalent reaches 2.8 mSv/y, with the external gamma-ray contribution of 15% (i.e., 420 μSv/y). From Table 5 , it can be seen that AEDE values for Wadi Diit area are generally below this world average value.
External Hazard Index
The results obtained for H ex were presented on a shaded relief contour map (Figure 15) . The H ex map involves a minimum value of 0.08 associated with costal-eolian sabkhas and a maximum value of 0.79 coincided with black-sand lens. The obtained values of H ex for the area under consideration ( Table 5 ) are found to be less than the world permissible value of unity [28] . This indicates that the values will not lead to respiratory diseases, such as: asthma and cancer and external diseases such as: erythema, skin cancer and cataracts [35] .
Conclusions and Recommendations
A detailed geologic map (scale 1:100,000) of the different landcover units of Wadi Diit area was obtained by the analysis of Landsat 8 OLI satellite data. Maximum likelihood supervised classification followed by MajorityMinority analysis was applied successfully (with 89.51% overall accuracy) based on selected ROIs representing the different lithologic units. This shows the potential of remote sensing technique for geologic mapping in hard accessible environs like the study area. The integrated work between image processing of Landsat 8 data and detailed field investigation show that the exposed rock units at Wdi Diit fan are represented by unconsolidated wadi sediments, costal-eolian sabkhas, sandy conglomerates, dunes and sheets, mud cracks and black-sand lens. sand The absorbed dose rate (D), annual effective dose equivalent (AEDE) and external hazard index (H ex ) from the terrestrial gamma-radiation of Quaternary sediments were found to be within the recommended international limits, with no significant health threat to human lives and, therefore, the environment is said to be radiological hazard safe.
From the results of the present work, the authors recommend that the inhabitants of Adilldat and Shakret El-Delam villages at Wadi Diit fan can spread horizontally through the fan, except the black-sand lens, because it is considered as one of the most safety environments along the Red Sea coast. On the other hand, black-sand lens along the Red Sea coast of the studied area is not recommended to be used in building materials, because the absorbed dose rate of the black-sand lens attains 100.77 nGy/h that exceed the world permissible value.
